Abstract: A series of N-acetylated, methionine-containing dipeptides designated AcMet-Aa containing various C-terminal amino acids designated Aa are hydrolyzed in aqueous solution at 50 ºC and 0.95 < pD < 1.10 in the presence of three
INTRODUCTION
Hydrolytic cleavage of peptides and proteins is an important biological process and a common procedure in chemistry and biochemistry. The half-life for the hydrolysis of the unactivated amide bond in neutral aqueous solution is around 500 years. 1 The exceptional inertness of the amide bond requires severe conditions for the hydrolytic cleavage. There is a great need for new and efficient reagents for selective cleavage of peptides and proteins.
Proteolytic enzymes are much used, 2 but are unsuitable in cases when uncommon selectivity is needed and when they would contaminate the proteinaceous digest. Only trpysin is truly regioselective, 3 but it tends to produce multiple, short fragments of the protein that is cleaved. Modern methods for protein sequencing prefer, and methods for protein semisynthesis require, relatively long peptides.
Chemical reagents, such as cyanogen bromide, O-iodosobenzoate, and hydroxylamine, are alternatives to enzymes. 2 Only cyanogen bromide is routinely used, but it is a volatile and toxic compound that requires harsh reaction conditions, and often produces incomplete cleavage.
Transition-metal complexes are emerging as new reagents for cleaving peptides and proteins. [4] [5] [6] [7] [8] [9] [10] Those of lanthanides, 4 cobalt(III), 5 copper(II), 6, 7 copper(I), 8 and iron(II) 9, 10 have been used by other researchers. Because cobalt(III) forms a substitutionally inert complex with the N-terminal amino acid in the peptide, only the N-terminal amide bond becomes cleaved. Biochemists, however, need to cleave amide bonds throughout the protein sequence. Iron chelates in the presence of some added chemicals are rapid cleavers, but these chelates must first be attached to the protein in a demanding synthetic procedure, which precludes catalytic turnover. Moreover, cleavage by iron chelates is not necessarily regioselective.
In this laboratory palladium(II) complexes have long been used for selective, hydrolytic cleavage of peptides and proteins in aqueous solutions, under relatively mild conditions. [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] These complexes spontaneously anchor to specific amino-acid side chains simply upon mixing with the substrate. Because the substrate, its fragments obtained by cleavage, and the cleaving reagents exist in an extended equilibrium, catalytic turnover is possible. Because these reagents are diamagnetic, cleavage reactions are easily followed by NMR spectroscopy. Previous studies in this laboratory have shown that palladium(II) complexes bind to the sulfur atom in methionine, as shown schematically in Eq. (1), and also to imidizole nitrogen in histidine.
After this anchoring to a side chain, the selectivity of subsequent clavage depends on the position of the anchoring amino-acid residue in the sequence and reaction conditions. If the methionine anchor occupies the position no. 3 or higher and the histidine anchor occupies position no. 4 or higher, the cleavage occurs at the second amide bond preceding the anchor (toward the amino terminus). 12 This selectivity is regularly observed with proteins and all but short peptides, that is, substrates in which the anchoring residue is several residues removed from the amino terminus. When, however, the substrates are short peptides lacking the second amide bond preceding the anchor, the anchored Pd(II) complex promotes se- (1) lective cleavage of the first amide bond following the anchor (toward the carboxy terminus). [16] [17] [18] [19] [20] [21] [22] In this study we used such shorter substrates, and cleavage occurred as in Eq. (1) .
There are two general mechanisms for hydrolytic cleavage, shown in Scheme 1. In one, the anchored palladium(II) complex acts as Lewis acid, interacts with the carbonyl oxygen atom, and thus activates the scissile amide group towards nucleophilic attack by external water molecule. In the other mechanism, the palladium(II) complex internally delivers an aqua ligand to the proximate amide group. The two mechanisms give the same rate law, but indirect kinetic evidence favors external attack. 14 In either mechanism, cleavage requires a close approach of the anchored palladium(II) complex to the scissile group. Expecting that this approach will be hindered by steric bulk of the ancillary ligands on the Pd(II) atom and of the side chain R in the leaving amino acid, we set out to vary these ligands (see Scheme 2) and side chains, and to study steric effects on the kinetics of cleavage.
EXPERIMENTAL

Chemicals
Distilled water was demineralized and purified to a resistance greater than 18 MW cm. Deuterium-containing compounds D 2 O and DClO 4 and also anhydrous AgClO 4 were obtained from Aldrich Chemical Co. Naturally occurring methionine-containing dipeptides were purchased from Sigma Chemical Co. Dipeptide Met-Ile was purchased from Bachem. Alpha-methylated amino acids a-Me-Val and a-Me-Leu were purchased from Bachem. Unnatural amino acids containing linear side chains (norleucine, norvaline, 2-aminobutyric acid, and 2-aminoisobutyric acid) were purchased from Aldrich. N,N,N' ,N'-tetramethyl ethylenediamine, was purchased from Aldrich and converted into corresponding aqua complexes by treatment with 2 equivalents of AgClO 4 according to a published method. 25 Anhydrous tetrahydrofuran (THF) was distilled over sodium-benzophenone under a nitrogen atmosphere. Anhydrous methanol was dried over sodium and distilled under a nitrogen atmosphere. Anhydrous triethylamine was dried over calcium hydride and distilled under a nitrogen atmosphere.
Measurements
Proton NMR spectra were recorded at 300 MHz and 400 MHz by a Varian VXR 300 and Bruker DRX 400 NMR, respectively, The solvent, D 2 O, was used as a lock, and DSS at known concentration was as an internal reference and concentration standard.
Two-dimensional COSY spectra were run at 400 MHz. The temperature was kept constant within ± 0.1 ºC by the NMR temperature controller in NMR experiments or within ± 1 ºC by an aluminum heating block in experiments for peptide cleavage. The pH was measured with a Fisher 925 pH instrument using an Aldrich Ag/AgCl combination NMR electrode. The values are not corrected for D 2 O.
Syntheses
Acetylation of dipeptides. 17 The dipeptide was dissolved in glacial acetic acid. A slight molar excess of acetic anhydride was added. The solution was stirred overnight. The solvent was removed under reduced pressure with multiple dilutions of water. Acetone was added to assist in crystallization. To remove any residual acetic acid, the crystals were then dried under vacuum for 48 h.
Esterification of 2-aminobutyric acid and 2-aminoisobutyric acid. The synthesis of the methyl esters was based on a published procedure. 27 To a stirred suspension of 1.05 g (10 mmol) of the amino acid in 100 ml of 2,2-dimethoxypropane was added 5 ml of concentrated HCl, and the mixture was left overnight. The solvent was removed under reduced pressure, and a deep red oil was dissolved in 30 ml of methanol. Addition of 300 ml cold diethyl ether caused precipitation of the methyl ester. The precipitate was filtered, and analytically pure methyl ester was recovered, with yield of 100 %. Proton NMR spectrum of methyl 2-aminobutyrate: 1.04, t; 1.96, m; 3.84, s; 4.02, t; of methyl 2-aminoisobutyrate: 1.60, s; 3.84, s.
Esterification of a-Me-Val, a-Me-Leu, norLeu, norVal, and t-Leu. The synthesis of the methyl esters was based on a published procedure. 27 To 150 ml of anhydrous methanol, magnetically stirred under nitrogen at 0 ºC, in ice/water bath, was dropwise added 9 ml of thionyl chloride. The solution was stirred for 5 min, and 2.0 g of the amino acid was added to the solution. The ice bath was removed, and the solution was refluxed for 24 h. Excess thionyl chloride was quenched with 5 ml of water. The solution was reduced to an oil and pumped dry to yield 100 % of the crystalline product. Selected proton NMR peaks of a-Me-Val methyl ester: Coupling of the amino acid methyl ester to acetyl methionine. The coupling of the AcMet to the amino acid is based on a published procedure. 27 Under a nitrogen atmosphere, a solution containing 956 mg (5.0 mmol) of N-acetyl-DL-methionine and 0.80 ml of anhydrous triethylamine in 150 ml of freshly distilled, dry THF was prepared at -15 ºC. The solution was stirred for 5 min before adding 470 ml (5.0 mmol) of ethyl chloroformate. A white precipitate formed in minutes. At -15 ºC to -20 ºC, the solution was stirred for one hour before adding 5.0 mmol of the desired amino acid methyl ester and 0.60 ml of anhydrous triethylamine. The solution was allowed to warm to room temperature over one hour and was stirred overnight. The precipitate was filtered off, and solvent was removed under reduced pressure. The remaining yellow oil was dissolved in ca. 30 ml of di-chloromethane. The unspent AcMet was extracted with three 8-ml portions of 5 % ammonium carbonate, and the unspent amino acid methyl ester was extracted with three 8-ml portions of 5 % acetic acid. The remaining solution was washed with three 10-ml portions of water. The oil was dissolved in 50-150 ml water at 65 ºC. Over three hours, 2.5 equivalents of 1.0 M KOH was added dropwise. After the solution cooled to room temperature, it was acidified to pH < 2 with 6.0 M HCl or HClO 4 . The solution was concentrated under reduced pressure to 2/3 of original volume and left at 4 ºC overnight. Any crystals formed were filtered off, and the solution was again concentrated to 1/3 of the volume and refrigerated. The second batch of crystals were filtered off and combined with the first batch. Dipeptides containing a-Me-Leu, norLeu, norVal, and a-Me-Val are not readily soluble in water and were washed with cold water to remove KCl. The final yield was 30 %. Dipeptides more soluble in water were dissolved in acetone or methanol. The precipitated salt was filtered off. The solution was concentrated under reduced pressure to an oil and dissolved in water. The aqueous solution was run through a desalting column sized 1´35 cm packed with a Bio-Rad AG11 A8 ion retardation resin. The eluate was concentrated and crystals obtained. The final yield was 30 %.
Molecular modeling
Desktop molecular modeler, version 1.2 by Oxford University Press, was used for determining the Cartesian coordinates of the amino acids. The various amino acids were constructed by template, and their geometry was optimized by molecular mechanics. The palladium(II) complexes were constructed, and their geometry was optimized with the following reasonable constraints: Pd-OH 2 = 2.20 Å, Pd-S = 2.295 Å, Pd-N = 2.037 Å, and square planar geometry at the palladium(II) atom. 28 These files were then converted to PDB format and imported by GRASP 2.0. The volumes and surface areas were calculated given the Van Der Waals dimensions for each atom, Table I . O contained 50 ml of 100 mM DSS, a known amount of 2.0 M DClO 4 to bring the pH to 1.0, and equimolar amounts of a dipeptide and a palladium(II) aqua complex. These ingredients were rapidly mixed in an NMR tube. The solution concentration was 2.5 mM to 25 mM, depending on solubility of the N-acetylated dipeptide. The total volume was between 675 ml and 715 ml. For rapid reactions, acquisition of the 1 H-NMR spectra began as soon as possible after the mixing, and 16 to 64 scans were taken each time. The temperature was kept at 50 ± 0.1 ºC. A typical kinetic plot consisted of at least 15 points taken over four to six half lives, as in Fig. 1 . Concentrations of the peptide and hydrolysis products were determined from the known initial concentration, with an estimated error of 5 %.
In control experiments, peptide solutions without the palladium(II) complexes were kept at pH 1.05 and 50 ºC and occasionally examined by 1 H-NMR spectroscopy. The half-lifes of the so-called background cleavage were greater than 45 days and depended only slightly on the leaving amino acid. 
RESULTS AND DISCUSSION
Volume determination. There are several methods for describing the steric bulk of the amino acids. We first used average volumes of amino-acid pieces as defined by a data base of protein structures, 29 but the cumulative error margins in piecing together large side chains became too high. Newer values of whole side-chain volumes inadequately describe the unnatural amino acids. 30 Since all amino-acid residues have the same backbone, we consider the side chains only. Differences in DV between the amino acids in question and glycine are shown in Table I .
Hydrolysis rate as a function of leaving group and the palladium(II) complex. The rate constant for hydrolysis of the AcMet-Aa dipeptides generally decreases as the leaving group Aa and the ligands attached to palladium(II) atom increase in volume, as shown in Tables III and IV and Fig. 2 . Interestingly, the rate constants differ for amino acids of the same or similar volumes, such as isomers of valine and leucine, because their side chains differ in shape. Addition of a methyl group to the a-C atom in Ala, Val and Leu lowers the rate constant to varying extents, depending upon the palladium(II) complex and the side chain. . The respective half-lives for the hydrolysis promoted by the three complexes range from 13 min to 1800 min. The respective slopes of the plots in Fig. 2 are very similar: -0.023, -0.017, and -0.020. Evidently, the volumes of the leaving group Aa and of the bidentate ligand act independently in inhibiting the cleavage reaction.
E s values. The rate of acid hydrolysis of esters depends on the steric bulk of the substituent on the acid group. [31] [32] [33] [34] [35] [36] [37] [38] As this substituent increases in size, the rate of hydrolysis decreases. Taft's 39 E s values, or steric constants, are defined in Eq. (2) 37 with methyl group as standard k 0 (E s = 0). Substituents with greater steric require-TABLE II. Continued ments will have a negative E s value. We applied this treatment to hydrolysis of the amide bond in depeptides using the H substituent (i.e., glycine as Aa) as standard. Hence the constant difference of 1.24 between the previous and our parameters, the corresponding entries in the last two columns in Table IV . Side chains for which E s constants have not been published before are excluded also from our list.
Shape of the side chain. Not only the volume of the leaving group, but also the shape and the location of the side chain relative to the scissile amide bond affect the hydrolysis rate. Table V shows a lesser inhibition when the branching is farther from the backbone, at g-C atom in Leu, than when branching is nearer to the backbone, b-C in Val. Comparison of norleucine and isoleucine shows that the shape of the leaving group also affects the inhibition.
Linear alkyl side chains show the same trend in the established and our E s values. Both become more negative with increasing volume and show that a-C and b-C substituents and branching pattern are more important than g-C and d-C substituents.
The data in Tables III and IV norLeu. In the first series, two methyl groups are successively introduced on the a-C atom of Aa, the leaving group. In the second series, successive methylation of the b-C atom creates a branched chain. In the third series, branching occurs at the g-C atom. In the fourth series, isoleucine ant t-leucine side chains have the same calculated volume, but the latter one reacts more slowly, presumably because steric bulk is closer to the scissile bond. Methylation of the g-C atom, in "conversion" of valine to isoleucine, has a marginal effect, but methylation of the b-C atom, in "conversion" of valine to t-leucine, nearly halves the rate constant for hydrolysis by the bulkiest reagent, cis-[Pd 
In the fifth series, as the side chains in the isomers of leucine progress from tertiary, to secondary, to branched primary, to linear primary butyl group, the hydrolysis rate constant increases. As the bulk of the side chain becomes farther removed from the backbone and thus from the scissile bond, the cleavage reaction becomes faster. Second methylation of the a-carbon atom. To probe the kinetic effect of steric bulk close to the scissile amide bond, we replaced the a-hydrogen atom with a methyl group. The comparisons in Table III of Ala and AIB and of Leu and a-Me-Leu shows average decreases of 25 % and 36 %, respectively, in rate for the three palladium(II) complexes, respectively. The comparison of Val and a-Me-Val, however, shows no significant change.
The effect of second methylation on the hydrolysis rate constant depends upon the original side chain. In the Ala/AIB pair, the steric bulk at the a-C is doubled, but in the Val/a-Me-Val pair the addition of 14 Å 3 to an existing volume of 42 Å 3 already positioned near the backbone did not produce a detectable steric effect. In the Leu/a-Me-Leu pair, however, addition of 14 Å 3 to 56 Å 3 produced detectable inhibition because the existing volume, although larger, was located farther away from the backbone.
Effect of the chelating ligand on the kinetics of hydrolysis. As Table V shows, steric bulk of the palladium(II) complex depends on the size of the bidentate ligand. As the horizontal trends in Table III show, the rate constant for cleavage of a given dipeptide decreases as the size of this ligand increases. The vertical trends in Table III are surprising. The larger the bidentate ligand, the lesser the apparent dependence of the rate constant on the size of the leaving group. The volumes in Table V must be taken skeptically because of possible displacement of chelating ligand by water. It has previously been shown that en is a relatively labile ligand, which rapidly dissociates from the palladium(II) in acid solution. 19 This leaves the likely hydrolysis promoter as an aqua or mixed aqua-hydroxo complex (depending on the pK a value of the aqua ligand). The ligand Me 4 en was chosen for its increase in both volume and basicity relative to en. This ligand on Pd(II) atom is relatively inert under our reaction conditions for several days, longer than the duration of our experiments. Upon binding of the Pd(Me 4 en)(H 2 O) 2 2+ to methionine, however, the labilizing trans effect of the thioether ligand causes displacement (aquation), and the free Me 4 en ligand is easily detected by NMR spectroscopy. Again, the actual species that promotes the hydrolysis is probably a complex containing mixed ligands. As Table VI shows, the rate constants for the loss of the Me 4 en ligand and the peptide hydrolysis are of similar magnitudes. Because 3-hydroxy-1,5-dithiacyclooctane is a very weak Bronsted base (with respect to the H + ion), this ligand remains attached to the palladium(II) atom throughout the reaction. This stability is a desirable property in metal complexes used for hydrolytic cleavage of peptides. 
